"Twisted photons" are photons carrying a well-defined nonzero value of orbital angular momentum (OAM). The associated optical wave exhibits a helical shape of the wavefront (hence the name) and an optical vortex at the beam axis. The OAM of light is attracting a growing interest for its potential in photonic applications ranging from particle manipulation, microscopy and nanotechnologies [1, 2] , to fundamental tests of quantum mechanics [3] , classical data multiplexing[4-6] and quantum communication [7] . Hitherto, however, all results obtained with optical OAM were limited to laboratory scale. Here we report the experimental demonstration of a link for free-space quantum communication with OAM operating over a distance of 210 meters. Our method exploits OAM in combination with optical polarization to encode the information in rotation-invariant photonic states, so as to guarantee full independence of the communication from the local reference frames of the transmitting and receiving units. In particular, we implement quantum key distribution (QKD), a protocol exploiting the features of quantum mechanics to guarantee unconditional security in cryptographic communication, demonstrating error-rate performances that are fully compatible with real-world application requirements. Our results extend previous achievements of OAM-based quantum communication by over two orders of magnitudes in the link scale, providing an important step forward in achieving the vision of a worldwide quantum network.
I. INTRODUCTION
Quantum Key Distribution (QKD) has taken its initial steps out of the laboratory years ago and is nowadays included in commercial devices that use optical fiber (wireline) systems. With state-ofthe-art technology, QKD on a regional scale has been already demonstrated in USA, Europe, China, Canada and Japan. However, free-space optical links are required for long-distance communication among areas which are not suitable for fiber installation or for moving terminals, including the important case of satellite-based links. Among the various implementation schemes proposed so far, the protocol reported by D'Ambrosio et al. [8] is unique in its exploitation of spatial transverse modes of the optical beam, in particular of the OAM degree of freedom, in order to acquire a significant technical advantage, that is the insensitivity of the communication to the relative alignment of the users' reference frames. This advantage may be very relevant for the QKD implementations to be upgraded from the regional scale to a national or continental one, or for links crossing hostile ground, and even for envisaging a QKD on a global scale by exploiting orbiting terminals on a network of satellites.
In the last decades, the OAM of light has been widely investigated as a new promising resource both for fundamental and applied physics. Indeed properties of OAM have been exploited for applications in many different fields, such as microscopy [2] , astronomy [9, 10] , metrology [11] , fundamental quantum mechanics [3] , and biophysics [1] . This degree of freedom of light can be used to specify the azimuthal dependence of the transverse modes of the electromagnetic radiation.
The OAM eigenmodes are characterized by a twisted wavefront composed of intertwined helices, where is an integer, and by photons carrying of (orbital) angular momentum, in addition to the more usual spin angular momentum (SAM) associated with polarization. The potentially we report the realization of free-space alignment-free QKD across air for a distance d = 210 m (corresponding to ∼ 2.5 × 10 8 wavelengths) exploiting OAM in combination with polarization to encode the quantum bits. As compared with the standard polarization-only encoding, our protocol with OAM has the advantage of being frame-independent, thus removing the need for precise alignment of the transmitting and receiving unit frames (although, of course, not the need for accurate beam pointing). On the other hand, compared to OAM-only, the polarization component in our communication scheme guarantees a high robustness against atmospheric turbulence.
II. REALIZATION OF THE QKD PROTOCOL
In a general bipartite free-space QKD scenario, two users (usually called Alice and Bob) must establish a shared reference frame (SRF) in order to communicate with good fidelity. Indeed the lack of a SRF is equivalent to an unknown relative rotation which introduces noise into the quantum channel, disrupting the communication. When the information is encoded in photon polarization, such a reference frame can be defined by the orientations of Alice's and Bob's "horizontal" linear polarization directions. The alignment of these directions needs extra resources and can impose serious obstacles in long distance free space QKD and/or when the misalignment varies in time [22, 23] . As already mentioned, a possible solution to this problem can be achieved by using rotationinvariant photonic states, which remove altogether the need for establishing a SRF [8] . Such states are obtained as a particular combination of OAM and polarization modes (hybrid states), for which the transformation induced by the misalignment on polarization is exactly balanced by the effect of the same misalignment on spatial modes. These states exhibit a global symmetry under rotations of the beam around its axis and can be visualized as space-variant polarization states, generalizing the well-known azimuthal and radial vector beams, and forming a two-dimensional Hilbert space, as discussed for example in Ref. [24] . Moreover, this rotation-invariant hybrid space can be also regarded as a decoherence-free subspace of the four-dimensional OAM-polarization product Hilbert space, insensitive to the noise associated with random rotations.
The hybrid states used in our experiment can be generated by a particular space-variant birefringent plate having topological charge q at its center, named "q-plate" [25] [26] [27] . In particular, a polarized Gaussian beam (having zero OAM) passing through a q-plate with q = 1/2 will undergo the following transformation:
In the previous expression, |L π and |R π denote the left and right circular polarization states (eigenstates of SAM with eigenvalues + and − , respectively), |0 O represents the trasverse Gaussian mode with zero OAM and |l O and |r O the eigenstates of OAM with | | = 1 and with eigenvalues + and − , respectively). The states appearing on the right hand side of equation (1) are rotation-invariant states [8] . The reverse operation to (1) can be realized by a second q-plate with the same q. In practice, the q-plate operates as an interface between the polarization space and the hybrid one, converting qubits from one space to the other and vice versa in a universal (qubit invariant) way. This in turn means that the initial encoding and final decoding of information in our QKD implementation protocol can be conveniently performed in the polarization space, while the transmission is done in the rotation-invariant hybrid space.
Let us now describe the alignment-free free-space QKD experiment. We implemented the so called BB84 protocol [28] with decoy states [29, 30] . The bits are encoded in two mutually unbiases bases Z = {|0 , |1 } and X = {|+ , |− }, where |0 and |1 are two orthogonal states spanning the qubit space and |± = 1 √ 2 (|0 ± |1 ). Alice randomly chooses between the Z and X basis to send the classical bits 0 and 1. In our hybrid encoding, the Z basis states correspond to In Figure 2 we show 10 minutes of transmission, giving the quantum bit error rate (QBER) and the gain of the signal states for an angle θ = 0. The QBER is defined as the ratio of the number of errors over the received bits while the gain is the ratio of detected bits over the sent bits. It is possible to see that the transmission is stable over several minutes. Next, we measured the QBER of the protocol for different angles. It is important to notice that, if polarization states were used instead of the hybrid rotation-invariant states, the QBER would depend on the relative angle θ between Alice's and Bob's reference frames as QBER= will introduce an error of sin 2 θ). In Figure 3 we show the experimental mean QBER obtained at different angles and compare it with the theoretical QBER that would be obtained with polarization encoding. It is evident that, as expected, the angle of rotation does not change the QBER: the observed variations in the the measured QBER are ascribed mainly to imperfections in Alice's local polarization compensation. By using the decoy state method, avoiding photon number splitting attack on the QKD protocol, we were able to achieve the secret key rates shown in fig. 3 
(right).
We also compare the key rates obtained with the decoy state method and the optimal rates that could be achieved with communication performed at the same QBER but using a true single-photon source at the transmitter. IV. SECRET KEY RATE ANALYSIS.
Decoy state method has been developed [29, 30] to avoid photon number splitting attacks on qubits generated by attenuated laser pulses. The transmitter randomly changes the mean photon number of the sent pulses between three values: µ, the signal state, and two other decoy values, ν and zero (corresponding to sending empty pulses). The bits obtained with µ are used to build the final key, while other pulses are used to bound Eve's knowledge on the key. In the infinite key-length limit, the secret key rate, defined as the number of secure over sifted bits, is given by
where Q µ is the total gain (the fraction of detected bits over the sent bits), Q L 1 the lower bound of the gain of the one-photon states, E µ the total quantum bit error rate (QBER), e U 1 the upper bound of errors of the one-photon states, h 2 the binary entropy h 2 (x) = −x log 2 x − (1 − x) log 2 (1 − x).
The decoy state method [30] allows one to estimate the parameters Q L 1 and e U 1 by the decoy data as
